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1 ABSTRACT

A statistical model of auroral intensity as a function of magnetic activity was created. The
model was derived from several hundred 1356A images of the aurora borealis obtained by
Polar BEAR at solar minimum. Intensities were averaged in 35 divisions of CGL (from
55° to 90°, each division 1° long), 48 divisions of MLT (each division half an hour wide),
and 5 divisions of magnetic activity (K, = 0-4). The peak oval intensity is located near
midnight for all K, values but 0. Two secondary maxima in the average 1356A intensity
are found in the dayside part of the oval: one in the morning and one in the afternoon.
The peak nightside, morning, and afternoon intensity increase monotonically with mag-
netic activity. The latitude of peak emission increases with K, at night and decreases in
the dayside. The latitudinal extent of the oval is largest at or near the intensity peaks
and increases with magnetic activity. The model of average auroral intensity was related
to a statistical model of electron precipitation into the high-latitude ionosphere. The pre-
cipitation data leading to auroral emissions show a power law relationship between the
energy flux and the average energy of the precipitating electrons. The average electron
energy associated with the peak 1356A oval emission is 0.8-1.7 keV at night, predom-
‘nantly 0.3-0.7 keV in the morning, and predominantly 0.2-0.5 keV in the afternoon.
Polar cap emissions are associated with very cold electrons (0.3-0.4 keV). The electron
energy flux associated with the peak oval emission increases with magnetic activity in the
morning and afternoon, but remains approximately constant (below 0.5 ergscm=?s7') in
the nightside for all K, values but 2. At increasing levels of magnetic activity, the peak
nightside (dayside) intensity shifts poleward (equatorward) and the peak energy flux shifts
cquatorward (equatorward). Energy fluxes associated with polar cap emissions are very
low (~0.1 ergscm~2s~!). Weak 1356A emissions (0.3-0.4 kR) at CGL 78-8(°, 1200 MLT,

coincide with the minimum average electron energy and maximum electron number flux




associated with cusp precipitation. These emissions are located at the so-called “midday

gap”, which was termed as such by less sensitive imaging studies of the aurora.

2 INTRODUCTION

Current imaging instruments afford global studies of the aurora with good spatial resolu-
tion (25-100 km). These allow one to create global maps of auroral emission and relate
them to particle precipitation. A global model of the aurora can aspire to either one
of two attributes: temporal accuracy that is limited to a short time interval and given
magnetic conditions, or high magnetic activity resolution and coverage that is valid on
the average for long time intervals, but practically void of short-time accuracy. The first
approach is applied to test cases, the second on a large data set.

The first approach was taken by Sojka et al. [1989], who confronted Dynamics Explor-
er 1 (DE 1) images of the aurora with DE 2 in-situ measurements of auroral precipitation
data. Sojka et al. created a time-dependent model of electron energy flux and character-
istic energy by simultaneous measurements of intensity at two wavelengths. A similar ap-
proach allowed Rees et al. [1988] to present a case study of electron energy flux, electron
characteristic energy, and Pedersen and Hall conductances derived from multi-spectral
DE 1 imaging of the aurora. This inversion method is presently hindered by problems
such as low dynamic range of the signal, large wavelength bandwidth of the detector,
albedo background radiation, uncertainties in off-nadir normalization of intensities, and
various theoretical uncertainties. Ground and airborne investigations do not fare better,
as they show poor agreement between themselves, with satellite measurements, and with
model predictions [Rees et al., 1989].

In order to study the average characteristics of high-latitude auroral emissions at

various levels of magnetic activity, one must acquire a large database and employ some




averaging scheme to it. This is the approach taken by this study. The purpose is (1) to
create a statistical model of Far Ultraviolet (FUV) auroral emissions and (2) to relate this
model to a statistical model of particle precipitation into the high-latitude ionosphere. The
first objective s to create a model that is neither a mathematical representation [ Holzworth
et al., 1975; Meng et al., 1977} nor an instantaneous ‘snapshot’ of the auroral oval [Sojka
et al., 1989]. The empirical model is to delineate the average position and intensity of the
auroral oval and other cissions of the high-latitude region at various levels of magnetic
activity. The second objective is to associate the average electron energy and energy flux
to various features of the emission, such as the nightside and dayside auroral oval, the
polar cap, and the cusp.

The empirical model presented here was derived from several hundred 1356A images of
the aurora borealis obtained by Polar BEAR at soiar minimum. Maps of the aurora were
sorted by the ground-based activity index K, and related to similar maps of precipitating
electron characteristics.

The auroral oval is one of the most pronounced manifestations of the interaction of the
solar wind with the earth’s magnetic field. The concept of the auroral oval was derived
from early ground-based investigations of the global auroral distribution (see Feldstein and
Galperin [1985] and references therein). Major advantages this work has over previous
optical investigations of global auroral intensity [Feldstein and Starkov, 1970; Sandford,
1968; Shepherd, 1979] is the large field-of-view of the space-borne imaging instrument, the
automatic processing of hundreds of images, and the fact that we can include daylight
aurora. Also the relatively small bandwidth of the detector (36A) implies that we are
looking mainly at single emitting species (atomic oxygen) when the precipitating electrons
are cold.

Several studies in the past deduced global characteristics of precipitating electrons




using large data sets from satellite-borne particle detectors [Spiro et al., 1982; Hardy et
al., 1985; Fuller-Rowell and Evans, 1987]. Fluxes, energies, and conductances were deter-
mined at various levels of geomagnetic activity in elements of a spatial grid in corrected
geomagnetic coordinates. Here we use the global electron precipitation patterns of Hardy
et al. [1985,1987].

Section 2 discusses technical characteristics of the spacecraft, imager, and detector,
data selection, and interplanetary conditions when available. We describe the image
processing, binning and averaging of the data, and the precipitation data used in this
study in section 3. Section 4 presents and discusses the average auroral intensity maps
at five levels of magnetic activity (K, = 0-4). Auroral emissions are associated with
characteristics of the precipitating electrons in the nightside and dayside auroral oval,
the polar cap, and cusp. Finally we conclude by comparing our results with previous

empirical investigations of the high-latitude ionosphere in section 5.

3 INSTRUMENTATION

Technical characteristics of the spacecraft (Polar BEAR), imager (AIRS), and detectors
were previously described by Schenkel et al. [1986] and DelGreco et al. [1988]. A brief
summary of the important features of the instrument relevant to this study follows. In-
terplanetary Magnetic Field (IMF) conditions for the data set chosen for this study are
described when available.

Polar BEAR was launched at the end of 1986 to a nearly circular orbit at an altitude
of approximately 1000 kilometers. The orbit was nearly polar (inclination angle 89.56°)
and non sun-synchronous. The line of sight of AIRS was reflected by a mirror. Each pixel

was equivalent to a mirror step with an integration time of 6.83 milliseconds. The far




ultraviolet instantaneous field of view was 0.373° x 1.53° parallel and perpendicular to the
scan direction, respectively. AIRS provided 326 samples of emission count in an angular
scan from —65.2° to +65.2° perpendicular to the satellite orbit. The mirror scan cycle,
which was completed in three seconds, produced a single raw image line. A typical station
pass with eleven minute recording time provided ~ 220 scan lines spaced according to the
forward motion of the spacecraft. Data was collected by the instrument and transmitted
immediately to the receiving station in range.

AIRS acquired a single scene per receiving station pass along the orbit in four separate
wavclength bands. Most of the useful images were acquired at the Far Ultraviolet (FUV)
band centered on 1356A with detector number 2. This study utilizes images from this
band and detector only. The Full Width at Half Maximum (FWHM) of this FUV window
was 36A. There are two emitting species of importance in the 1356A bandpass: atomic
oxygen and molecular nitrogen. The atomic oxygen doublet is 3P; —% S; at 1355.5A and
3p, —55, at 1358.5A. The principal molecular nitrogen LBH band within the bandpass is
from the a'Il, state (3,0) at 1353.7A. The relative contribution of the two species to the
measured intensity depends on the energy spectrum of the precipitating electrons and the
look direction.

The sensitivities of the detectors were derived from preflight calibrations in a vacuum
chamber [Schenkel et al., 1986]. The sensitivity of the second detector in laboratory
conditions at 1356A was 61 Rayleighs per count in the counting period [DelGreco et
al., personal communication; 1989]. (One Rayleigh is 10° photonscm™2?s~! for 4= ster-
radians). It is assumed here that the sensitivity of the second detector at 13567 was
constant at the pre-launch values during January to February 1987. The system dark
count per pixel integration time was less than 1 for all channels. Thus, the principal noise

is the statistical fluctuations of the signal.




The data set for this study comprised of 378 FUV (1356A, FWHM 36A) images of
the aurora, obtained between January 21, 1987, and March 1, 1987. The images were
sorted according to K, because statistics for IMF binning were poor. 136 images had
concurrent IMP 8 measurements of the IMF and solar wind speed. The interplanetary
data were obtained from the National Space Science Data Center data base [Couzens and
King, 1989]. Solar wind and IMF parameters are quoted for a 1-hour time lag between
the hourly averaged interplanetary data and image acquisition time [Baker et al., 1983;
Brautigam et al., 1991]. IMF conditions (in geocentric solar magnetospheric coordinates)
were as follows: B, <0 for 91.2%, B, > 0 for 87.5%, and B, > 0 for 58.8% of the 136

images. Solar wind speed varied from 348 to 632 km s~! with an average of 465 km s~'.

4 DATA ANALYSIS

Algorithms for Polar BEAR image processing were described in detail in the past [Oznovich
et al., 1991]. An outline of the geometric mapping and radiometric corrections applied
to the images is given in subsection 1. In order to produce maps of average intensity,
the FUV images were binned according to corrected geomagnetic latitude, magnetic local
time, and magnetic activity. Hereafter we refer to a pixel as the basic element in an
image, and to a bin as the basic element in an averaged map. We describe the binning
and averaging of the data, the uncertainty in the average rate of emission of each bin,
and the smoothing procedure applied to the resultant maps in subsection 2. One of the
main thrusts of this work is to identify the average energy and energy flux of auroral
electrons that excite the observed FUV emissions. Subsection 3 describes the source of
precipitation data used in this study, and discusses our intensity sensitivity in terms of

sensitivity to characteristics of the precipitating particles.




4.1 Image Processing

Geometric rectifications to the image included transformations from the satellite coordi-
nate system to a reference system, from the reference system to the geographic coordinate
system, and from the geographic system to the corrected geomagnetic coordinate system.
Position in the corrected geomagnetic coordinate system is given by two parameters -
Corrected Geomagnetic Latitude (CGL) and Magnetic Local Time (MLT). This coordi-
nate system was based on the first six terms in the spherical harmonic development of
the potential following the dipole term [Hakura, 1965, Gustafsson, 1969). A dipole cor-
rection was added to the corrected geomagnetic latitude for an assumed auroral altitude
of 120 kilometers. A further correction to CGL, due to diurnal and seasonal variations
of the dipole tilt angle, will be discussed later. The dipole tilt angle is the angle between
the direction of the sun and the direction of the north magnetic dipole pole (relative to
the center of the earth).

Radiometric corrections included speckle noise removal, background airglow subtrac-
tion, and off-nadir normalization of auroral intensities. Subtraction of dayglow intensities
from the image was based on theoretical calculations of the dayglow column brightness.
(iiven a model atmosphere and volume emission rates, integration of the emission along
an arbitrary look direction considering absorption processes was performed. The resultant
column brightness was convolved with the instrument response to produce the theoretical
dayglow count rate. The expected signal was linearly fit to the observed signal at all day-
glow pixels, thereby creating a theoretical airglow image that best fits the observations.
This theoretical image was subtracted from the photometrically raw image to produce a
net auroral image.

Our images were obtained during two months at winter solstice and minimum solar

activity. Consequently, the model atmosphere used is the MSIS-86 (Mass Spectrome-




ter/Incoherent Scatter) model atmosphere [Hedin, 1987] (hereafter M86) with the follow-
ing parameters: geographic latitude 70°, geographic longitude 0°, local time 0.0 hours,
day 40, daily Fio7 and its 3-month average 70, and a magnetic activity index A, = 9.0.
These parameter values are typical for these data. The volume production rates of Strick-
land et al. [1983] for the dayglow =missions in the 1356A band were used after scaling to
our model atmosphere.

Normalization of measured auroral intensities to nadir was based on the expected
ratio of theoretical off-nadir auroral intensities to nadir intensities. These line-of-sight
integrations used auroral volume emission rates of the M86 atmosphere, calculated by an
updated auroral electron code [Strickland, personal communication, 1991]. An incident
Maxwellian electron spectrum with characteristic energy of 1.5 keV was assumed for this
normalization only. As shown by Oznovich et al. [1991], this energy (1.5 keV) minimizes
the uncertainty in off-nadir normalization for incident electrons with characteristic ener-
gics in the range of 0.1 keV to 5 keV. At the maximum look direction (55° to nadir), the

uncertainty is approximately 30% for incident electrons with the above energies.

4.2 Binning and Smoothing of the Data

The 378 auroral images chosen for this study were sorted to five levels of magnetic activity
(K, =0, 1, 2, 3, and 4). There were 21, 104, 149, 70, and 34 images in each K, level,
respectively. Imagés were plotted in a polar projection of the CGL-MLT coordinate
system. Intensities were averaged in 35 divisions of CGL (from 55° to 90°, each division
1° long), and in 48 divisions of MLT (each division half an hour wide). The averaging of
intensities within a single bin typically consisted of hundreds of pixels for the K, = 0 and
4 maps and thousands of pixels for the K, = 1, 2, and 3 maps.

The total coverage of the northern hemisphere in a given map is determined by the




combined field-of-view of the images that contribute to that map. A full coverage of the
northern geomagnetic hemisphere above 55° is not obtained by any of our five maps. Gaps
in the data in CGL-MLT space are most pronounce near dawn and dusk, where they can
rcach CGL 73°.

It has been claimed [ Whalen, 1985] that distributions of average auroral parameters can
produce values of intensity that never occur in nature, since instances of nonoccurrence of
aurora within a spatial interval (considered to carry a zero intensity) are averaged together
with cases of finite intensity within that interval. The averaging technique employed here
excludes such cases. The intensity in a pixel is added to the computation of the average
bin intensity in the final map only when the pixel is in the current image field-of-view,
and is an auroral one, i.e. carries a nonzero value.

Oznovich et al. [1992] showed that the latitude of the auroral oval varies with the
Dipole Tilt Angle (DTA), and gave a simple empirical equation for the latitudinal shift
as a function of MLT. Figure 1 shows a cross-section along the noon-midnight meridian
of the K, = 0 map. The dashed line is for raw count rates (not corrected for DTA).
The continuous line is for data corrected for a DTA of 90°. There are two effects to
this correction. The first is that auroral emissions near local noon (midnight) are shifted
poleward (equatorward) by 0-3°. This is due to the fact that our data exhibits DTA
values of 85°-120°, almost always higher than the selected 90° normalization angle. The
second effect is that the latitudinal scatter of auroral emissions in the averaged maps is
reduced by 1-2°. The FWHM of the latitudinal profile of the raw nightside (dayside)
count rate shown in Figure 1 is 7° (10°). In contrast, the FWHM of the DTA-corrected
nightside (dayside) data is 5° (8°).

The following factors contribute to the uncertainty in the average rate of emission of

each bin: (1) Statistical fluctuations of the signal, which are proportional to the square
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Figure 1: A cross-section of the K, = 0 map (Fig. 4a) of average auroral intensity at
1356A along the noon-midnight meridian. The dashed line is for raw count rates (not
corrected for dipole tilt angle). The continuous line is for data corrected for a dipole
tilt angle of 90°. The standard deviation of bin intensity is discussed in section 3 and

Figure 2.

10




root of the signal; (2) Uncertainty in the normalization of pixel intensity to nadir, as dis-
cussed above; (3) Averaging of continuous auroral emissions with radiation from discrete
arcs within a single bin; (4) Averaging images by the 3-hour K, index, which poorly reflects
the response of auroral precipitation to solar wind-magnetosphere interactions [ Brautigam
et al., 1991]. The ratio of the standard deviation of count rates within an individual bin
to the bin average count rate is shown in Figure 2 for the K, = 0 (a) and K, = 4 (b)
maps. Other K, maps exhibit intermediate values. The variations in count rates within
an individual bin increase with magnetic activity. For the K, = 0 map (Fig. 2a), the
standard deviation is mostly 30-60% of the average count rate. The standard deviation
increases to 150% of the average count rate for the K, = 4 map (Fig. 2b). The scatter is
most significant around midnight, where discrete arcs are numerous, and least significant
in the dawn and dusk sectors. This is in partial agreement with Spiro et al. (1982}, who
found that the smallest relative variations in the energy flux of auroral electrons within a
given bin occur between 0200 and 0900 MLT. In order to reduce the uncertainty effects
of individual bin intensities, the 35x48 maps were smoothed by a 3x3 median filter. At

the lowest latitude (55-56°) the median operator was applied to six spatial bins.

4.3 Electron Precipitation Maps

The global electron precipitation patterns of Hardy et al. [1985,1987] were deduced from
integrals of electron spectra from the F2 and F4 satellites of the Defense Meteorological
Satellite Program (DMSP) and the P78-1 spacecraft of the Space Test Program. Approx-
imately 19,000 northern and southern hemisphere passes of the spacecrafts from the late
1970s were used to produce average electron spectra from 50 eV to 20 keV. Details on the
satellites and dctectors can be found in Hardy et al. {1979,1985). Hardy et al. [1987] fitted

the latitudinal profiles of the base 10 logarithm of the electron integral number flux and
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integral energy flux of Hardy et al. [1985] (hereafter /85 for each half-hour-long MLT
sector to an Epstien function [Booker, 1977]. The MLT dependence of the four coefficients
of their Epstein function was fitted by a seventh-order Fourier series. We reconstructed
maps of electron number flux and energy flux for our spatial grid using their method and
coeflicients, and derived maps of average electron energy by dividing the energy flux by
the number flux for our five cases of K,.

In comparing detected auroral emissions with characteristics of the precipitating par-
ticles, it is important to note implications of intensity detection level on particles one
is sensitive to, in terms of average energy and energy flux. Figure 3 shows a scatter
plot of the electron average energy and energy flux from our reconstructed H85 maps-
for K, = 0-4. The continuous (dashed) line characterizes incident auroral electrons with
Maxwellian (Gaussian) spectra that produce a count of 1 in the second detector of AIRS.
The theoretical lines were calculated by the procedure described above for characteristic
electron energies of 100 eV to 10 keV for the M86 atmosphere. The average energy is
twice the characteristic energy for a Maxwellian distribution, and equals to the charac-
teristic energy for a Gaussian distribution. Note that our data is sensitive to most of
the precipitation at latitudes higher than 55°. At low average energies (less than 1 keV),
the 61 Rayleighs intensity detection threshold translates to an energy flux threshold of

approximately 0.1 ergscm~2s71.

5 MAPS OF AVERAGE AURORAL INTENSITY

This section presents and discusses northern hemisphere maps of the average auroral in-
tensity at 1356A. The maps are shown in Figure 4a—4e for five levels of magnetic activity

(K, = 0-4, respectively). The zigzag border in Figure 4a—4e is the overall field-of-view
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Figure 3: A scatter plot of electron average energy and energy flux for K, = 0-4 re-
constructed from Hardy et al. [1985,1987]. The continuous (dashed) line characterizes
incident auroral electrons with Maxwellian (Gaussian) spectra that produce a count of 1
in the second detector of AIRS at 1356A. The theoretical lines were calculated by an

updated auroral electron code [Strickland, personal communication, 1991).
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of the corresponding map. The discussion on auroral emission morphology and charac-
teristics of the precipitating particles associated with it is divided to three subsections:
nightside auroral oval, dayside auroral oval, and polar cap and cusp. Emissions from the
auroral oval are confined to a belt (that becomes more circular as magnetic activity in-
creases) whose center is shifted several degrees midnight of the geomagnetic pole. As will
be shown, the spatial distribution, magnetic activity dependence, and characteristics of
the precipitating electrons of the nightside and dayside parts of the oval differ markedly.
Figure 4a displays the familiar keyhole shape of the polar cap, which turns to a roughly
circular disk at active periods (Fig. 4¢). The distinction between the auroral oval and
polar cap is far from clear-cut. In the discussion to follow polar-cap emissions (and the
lack thereof) are considered as those arising approximately from latitudes higher than

80°. An effort to identify cusp emissions is treated within the context of the polar cap.
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Fig. 4c Fig. 4d

0.4 08 1,2 16 2,0kR
Fig. 4e

Figure 4: Maps of average auroral intensity at 1356A in corrected geomagnetic coordi-
nates. Maps a, b, c, d, and e are for K, = 0, 1, 2, 3, and 4, respectively. Tic marks label
CGL 60°, 70°, and 80°. The zigzag border is the overall field-of-view of the corresponding

map.
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5.1 Nightside Auroral Oval

The nightside part of the FUV auroral oval is roughly symmetric about the noon-midnight
meridian for K, = 0 and roughly symmetric about a meridian 1-2 hours prior to midnight
for other K, values. A single maximum in the average intensity can be found between
1800 and 0600 MLT. It is located near midnight. Table 1 identifies the maximum intensity
(in kilo-Rayleighs) in CGL and MLT for each K, level. The average electron energy and
energy flux are identified for that maximum from the H85 maps.

All of the following parameters increase monotonically with magnetic activity in the
nightside oval: maximum FUV intensity, latitude of peak emission, and width of the oval.
As the level of magnetic activity increases, the maximum intensity increases from 0.4
to 1.5 kR and is shifted from 69° to 76° CGL. The latitudinal extent of the emissions
varies with magnetic local time and activity. In general it is largest at local midnight
and increases with K,. The nightside maximum near local midnight is also the overall
maximum intensity for all K, values but 0. This is in accordance with the MLT dependence
of the energy flux. The FWHM of auroral intensity at midnight is 5° at K, = 0 and 9° at
K, = 4. In contrast, the FWHM of the average energy at midnight is 8° at K, = 0 and
15° at K, = 4, and that of the energy flux is 7° for both cases of K,. The contribution
of discrete arcs to the total emission from the oval also increases with magnetic activity.
This change transforms a relatively uniform oval at quiet periods to a highly structured
one at active periods.

Auroral oval precipitation is traditionally attributed to hot (E > 1 keV) electrons.
The maximum average energy in the nightside oval is 3-4 keV for K, = 0-4. However,
the 1356A emission is more sensitive to cold (E < 1 keV) than to hot electrons. This
could be gained theoretically from the lines of Figure 3 and experimentally from Table 1.

The average electron energy of the peak nightside FUV emission in Table 1 is ~1 keV.
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Maximum Average Energy

K, Intensity Energy* Flux* CGL MLT
kR keV  ergscm 25! degrees  hours
night
0 0.43 1.15 0.45 68-69 0000-0030
1 0.51 0.86 0.36 72-73  2300-2330
2 0.71 1.65 1.39 69-70 2230-2300
3 0.95 1.22 0.49 13-74  2230-2300
4 1.55 1.00 0.17 75-76  0000-0030
morning
0 0.45 0.51 0.36 75~76 0800-0830
1 0.46 0.54 0.42 74~75 0730-0800
2 0.48 0.29 0.46 16-77 0800-0830
3 0.56 0.74 0.89 73-74  0800-0830
4 0.74 1.32 1.59 70-71  0700-0730
afternoon
0 0.38 0.26 0.30 79-80 1400-1430
1 0.42 0.33 0.39 78-79  1430-1500
2 0.50 0.49 0.53 77-78  1500-1530
3 0.60 0.83 0.81 72-73  1600-1630
4 0.71 0.23 0.28 72-73  1430-1500

Table 1: Maximum average intensity of auroral oval emissions from the maps shown in
Figure 4a-4e.
*Electron precipitation data were reconstructed from Hardy et al. [1985,1987).
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In principal, auroral emissions should vary linearly with the energy flux. In reality,
the peak FUV intensity coincides with the peak energy flux only for the lowest level
of magnetic activity (K, = 0, approximately at 69° CGL, 0000 MLT). At increasing
levels of magnetic activity, the peak intensity shifts poleward and the peak energy flux
shifts equatorward. The energy flux of the peak FUV emission increases from 0.5 to
1.4 ergscm=25-! for K, values of 0-2, then drops to 0.2 ergscm=2s~! for K, = 4. Thisisin
contrast to a monotonically increasing maximum energy flux in the electron precipitation

maps: from 0.5 ergscm~2s7! for K, = 0 to 3.9 ergscm™2s7! for K, = 4.

5.2 Dayside Auroral Oval

The dayside part of the oval is roughly symmetric about the noon-midnight meridian
for all K, levels but 4. The relative contribution of discrete arcs to the total dayside
emission is greatest for the most active map (Fig. 4e), and, as in the case of the nightside
oval, creates a highly structured oval. It should be noted that even with the smoothing
algorithm described in the previous section, the low statistics at our extreme K, levels
(21 and 34 images for Figures 4a and 4e, respectively) contributes to fluctuations in the
average intensity.

Two maxima in the average 1356A intensity are apparent in the dayside part of the
oval: one in the morning (0600-1200 MLT) and one in the afternoon (1200-1800 MLT).
Table 1 identifies the location of these maxima in CGL-MLT coordinates, and lists its
average electron energy and energy flux. In choosing the two maxima, abrupt changes in
the latitude of peak intensity between adjacent MLT sectors are ignored as due to residual
noise in the data.

The peak FUYV intensity increases monotonically with magnetic activity in both the

morning and afternoon. In both cases the latitude of peak emission decreases with mag-
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netic activity. The morning emissions are typically 2-4° equatorward of the afternoon
emissions. Consequently, if one were to fit circles to the maximum emission, they would
be centered 1-2 hours past midnight.

The latitudinal extent of the dayside emissions increases with magnetic activity. The
FWHM of auroral intensity at 0800 (1500) MLT is 9° (10°) for K, = 0 and 15° (6°) for
K, = 4. In contrast, the FWHM of the average energy at 0800 (1500) MLT is 9° (3°) for
K, = 0 and 8° (4°) for K, = 4, and that of the energy flux is 10° (9°) for K, = 0 and 7°
(6°) for K, = 4.

FEmissions from the dayside auroral oval are due to electrons that are colder than the
corresponding nightside electrons. At both morning and afternoon, the peak intensity
is associated with cold (£ < 0.8 keV) electrons (with the exception of K, = 4 at 0700
MLT). Maximum average energies in prenoon sectors are much higher (3-6 keV) than the
average energies associated with peak emission. Peak average energies are typically 3-5°
equatorward of peak emissions in the FUV.

The relation of auroral intensities to electron energy fluxes conforms to traditional
wisdom better in the dayside than in the nightside. As the peak intensity increasés
with magnetic activity, so does the energy flux in the morning and afternoon (with the
exception of K, = 4 in the afternoon). Energy fluxes associated with peak emission are
slightly lower in the afternoon than in the morning. Peak emissions all over the oval are
associated with fluxes that are lower than 1 ergscm~2s~1. The two exceptions are K, = 2
at 2300 MLT (1.4 ergscm~?s~!') and K, = 4 at 0730 MLT (1.6 ergscm~?s~?). These
are surprisingly low fluxes given the expected linearity between emission rates and energy
fluxes, and the fact that fluxes of several to tens of ergscm=2s~! are found in other spatial

bins of the CGL-MLT space.
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5.3 Polar Cap and Cusp

There are no consistent maxima in the emissions originating from the polar cap (CGL > 80°).
The relatively narrow arcs that appear in single images are distributed almost all over
the cap, thus forming a continuous region of emission in the averaging scheme employed
here. In general, auroral arcs are most frequent at moderate levels of activity (K, = 1-3)
and in the dawn and dusk sectors.

Table 2 lists the average intensity of polar cap auroral emissions. The average elec-
tron energy and energy flux of those high latitude bins that are associated with auroral
emissions were derived from the H85 maps. The average intensity increases slowly with
magnetic activity in the polar cap, similar to the K, dependence of oval maxima. Polar
cap emissions are associated with very cold electrons (E = 0.3-0.4 keV) whose average
energy is approximately constant for K, = 0-4. Energy fluxes associated with the FUV
emissions are very low (~0.1 ergscm~2s7') and are also approximately constant for all
K, values.

Note that the average energy and energy flux associated with polar cap auroral emis-
sions are at or below our detection threshold, as shown by the theoretical Maxwellian
curve of Figure 3. Theoretically, we should not have detected most of these emissions,
or detected them at most at the 1-count level. The intensities of Table 2 show average
counts of 2-4 in the counting period. This discrepancy between our measurements and
the theoretical predictions for low average electron energies will treated more fully in the
future.

The cusp is characterized by electrons that penetrate into the ionosphere directly from
the magnetosheath on open field lines. Consequently the cusp is populated by a large
number of very cold electrons (E < 0.2 keV). Hardy et al. [1985] identified a minimum in

the average electron energy near noon. This minimum was located at the poleward edge

21




Average Average Energy
K, Intensity  Energy* Flux*
kR keV ergscm™2g7!

0 0.15(0.05) 0.33(0.09) 0.1 (0.04)
1 0.15(0.05) 0.42(0.22) 0.10 (0.03)
0.18 (0.06) 0.32(0.07)  0.09 (0.03)
0.20 (0.05) 0.42(0.15)  0.10 (0.04)
0.24 (0.09) 0.29 (0.06)  0.07 (0.02)

W N

Table 2: Average intensity of polar cap auroral emissions (CGL > 80°) from the maps
shown in Figure 4a—4e. Values in parenthesis are one standard deviation.

*Electron precipitation data were reconstructed from ™" dy et al. [1985,1987.

of a maximum in the number flux.

Figure 5 shows the average :lectron energv (a), electron number flux (b), and FUV
auroral intensity (c) in the dayside for K, = 2. The plot is a Mercator projection of
the corrected geomagnetic coordinate system for CGL 75-85° and 0600~1800 MLT. Iso-
contours of average energy are plotted at 0.15, 0.2, 0.3, 0.4, and 0.6 keV. Isocontours of
number flux are plotted at 1, 3, 5, 7, and 9-10® elcm~?s!. Isocontours of intensity are
plotted at 0.2, 0.3, 0.4, and 0.47 kilo-Rayleighs.

The morning and afternoon maxima of the FUV emissions discussed in the previous
subsection are well illustrated by Figure 5c. The shape of the emission near noon is in
the form of a saddle - increasing from noon toward dawn and dusk, and decreasing from
CGL 78-80° poleward and equatorward. This is the so-called “midday gap”, which was
termed as such by less sensitive imaging studies of the aurora [Dandekar et al., 1978).

The saddle, located approximately at 78° CGL, 1130 MLT (for K, = 2), coincides with
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the minimum in average electron energy and with the number flux maximum. Therefore
it can be identified with the cusp. The emissions from the cusp are weak. The average
cusp intensity is 0.3, 0.35, and 0.4 kilo-Rayleighs for K, = 1, 2, and 3, respectively. The
minimum of intensity at noon could not be identified for the K, = 0 and 4 maps, probably

due to their poor statistics.

6 DISCUSSION AND CONCLUSIONS

This study preseﬁted maps of average 1356A auroral intensity for five levels of geomagnetic
activity (K, = 0, 1, 2, 3, and 4). It was shown that emissions from the auroral oval are
confined to a belt whose center is shifted several degrees midnight of the geomagnetic
pole. As magnetic activity increases, the belt expands and becomes more circular. The
expansion is accompanied by an increase in the width of the oval, most notably around
midnight. Polar cap arcs are most frequent at moderate levels of activity (K, = 1-3) at
dawn and dusk.

The peak oval intensity is located near midnight for all K, values but 0. Two secondary
maxima in the average 1356A intensity are found in the dayside part of the oval: one in the
morning and one in the afternoon. The peak nightside, morning, and afternoon intensity
increase monotonically with magnetic activity. The latitude of peak emission increases
with K, at night and decreases in the dayside. The latitudinal extent of the oval is largest
at or near the intensity peaks and increases with magnetic activity. The contribution of
discrete arcs to the total emission from the oval also increases with magnetic activity.

A comparison of average 1356A auroral intensities with characteristics of the precipi-
tating electrons at various levels of magnetic activity was performed. It was shown (Fig. 3)
that our 61 Rayleighs intensity threshold detection translates to an energy flux threshold

of approximately 0.1 ergscm~?s~! for low average electron energies (less than 1 keV).
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Figure 5: Average electron energy (a), electron number flux (b), and 1356A auroral
intensity (c) in the dayside for K, = 2 in CGL-MLT coordinates. Isocontours of average
energy are plotted at 0.15, 0.2, 0.3, 0.4, and 0.6 keV. Isocontours of number flux are
plotted at 1,3, 5, 7, and 9-10° el cm™~?s~". Isocontours of intensity are plotted at 0.2, 0.3,

0.4, and 0.47 kilo-Rayleighs.
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The cumulative data shown in Figure 3 show a relationship between the energy flux and
the average energy of electron precipitation leading to auroral emissions. The linear co-
efficient of correlation of the logarithm of the energy flux @ (in ergscm™2s~!) and the
logarithm of the average energy E (in keV) shown in Fig. 3 is 0.84. The power law rela-
tionship between Q and E is best fit by Q « E'™. Using the theory of single particle
motion in the presence of a magnetic field-aligned electric field, Christensen et al. [1987)
derived an approximate expression relating the energy flux of the precipitating electrons
over discrete aurora and the average particle energy: @ o E7, where 1.5 < v < 2.

The average clectron energy associated with the peak 1356A oval emission is 0.8-
1.7 keV at night, 0.3-0.7 keV in the morning (except at K, = 4), and 0.2-0.5 keV in
the afternoon (except at K, = 3). There is no simple empirical relation between average
intensity and average electron energy. Polar cap emissions are associated with very cold
clectrons (E = 0.3-0.4 keV) whose average energy is approximately constant for K, = 0-4.
Chakrabarti [1980] deduced a characteristic energy of the precipitating particles producing
polar cap emissions of 0.2-0.4 keV based on auroral intensity ratios in the 800-1400A
wavelength range. If one assumes a Maxwellian spectra for the precipitating electrons,
the corresponding average energies are 0.4-0.8 keV, somewhat higher than our results for
the polar cap emissions (0.3-0.4 keV).

The electron energy flux associated with the peak oval emission increases with magnet-
ic activity in the morning and afternoon, but not so at night. It is below 0.5 ergscm=25~!
at night for all K, values but 2. In contrast, the electron energy flux associated with the
peak emission climbs from 0.4 to 1.6 ergscm~?s~! for K, = 0 to 4 in the morning and
from 0.25 to 0.8 ergscm™?s~! for K, = 0 to 3 in the afternoon. At increasing levels of
magnetic activity, the peak nightside (dayside) intensity shifts poleward (equatorward)

and the peak energy flux shifts equatorward (equatorward).
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Energy fluxes associated with FUV cap emissions are very low (~0.1 ergscm=2s71)
and are approximately constant for all K, values. The shape of the emission near noon is
in the form of a saddle - increasing from noon toward dawn and dusk, and decreasing from
CGL 78-80° poleward and equatorward. The saddle coincides with the minimum average
electron energy and maximum electron number flux associated with cusp precipitation.

The average intensity of the 1356A emission from the cusp is 0.3-0.4 kR.

7 SUMMARY AND FUTURE DIRECTIONS

Here a summary of the research during the entire project period is given. Highlights of the
new advances and techniques in ionospheric remote sensing are listed, and new physical
results described. Future directions in image processing, ionospheric remote sensing, and
aurora research are described.

Morz than 400 scenes obtained by the Atmospheric/Ionospheric Remote Sensor (AIRS)
aboard the Polar BEAR spacecraft were geometrically corrected and processed for airglow
radiation and noise subtraction in the first year of our project. The 1991 report discussed
ways to relatively normalize pixel intensities to nadir, a final step in the creation of a
fully-processed auroral image database.

The theoretical off-nadir intensity relative to the nadir intensity for various character-
istic energies of the incident auroral electrons was computed. These curves, as a function
of the viewing direction, were compared with the optically-thin iimit of radiation with no
self and pure absorption. The theoretical column emission rates were also compared with
data obtained by AIRS, taken from a cross section of the continuous aurora which lies
along a constant auroral magnetic latitude.

Results show that for low characteristic energies of the incident electrons, the optical-
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thin limit is a reasonable approximation for the data, hence for the relative normalization
of auroral pixels with the off-nadir angle. An analysis method for the continuous aurora
was offered. The method consisted of fitting of selected sections of auroral intensities to
the theoretical curves, assuming a constant model atmosphere. This might allow one to
calculate indirectly incident electron characteristic energies and energy content, and in
the process select the best curve for the required calibration for any characteristic energy.

A statistical model of auroral intensity of good spatial resolution (ACGL 1°, 0.5 hr
AMLT) as a function of magnetic activity was created. The model was derived from our
database of several hundred processed 1356A images of the aurora borealis obtained by
Polar BEAR at solar minimum. The model of average auroral intensity was related to a
statistical model of electron precipitation into the high-latitude ionosphere.

The peak intensity, its latitude, and the width of the oval were studied as a function
of magnetic activity. Peak oval intensities were identified with the corresponding average
electron energy and energy flux. Weak 1356A emissions near noon were found to coincide
with the minimum average electron energy and maximum electron number flux associated
with cusp precipitation. These emissions are located at the so-called “midday gap”, which
was termed as such by less sensitive imaging studies of the aurora.

Imaging of the ionosphere is a technique aimed to support studies of the structure
and energetics of the ionosphere. This method also allows investigations of the lower
thermosphere and magnetosphere indirectly. The final goal of these studies should be a
complete and comprehensive theory of the ionosphere that can support realistic ‘iono-
spheric weather’ predictions. Such predictions will allow C3I users to plan in advance
periods for undisturbed long-range communication.

The parameters that are sought are global electron density profiles, energy flux and

average energy of the precipitating particles, and the true atmosphere in near real time.
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This project advanced the theory and technique to the point where images of the iono-
sphere can be routinely processed to provide pure auroral images. The success of the
airglow background subtraction and off-nadir normalization of auroral intensities devel-
oped here depend on realistic models of the atmosphere. Spectral studies of airglow and
auroral emissions, particularly in the far and extreme ultraviolet wavelengths, of high
wavelength resolution will no doubt improve these models.

Here average characteristics of particle precipitation were related to auroral emissions.
Consequently we understand better the average response of the atmosphere to the average
particle precipitation. For near real-time models, the instantaneous response to the in-
stantaneous precipitation should be investigated. This will no doubt require simultaneous
studies with many instruments at various output energy channels of the magnetosphere.
Specifically, in-situ measurements of particle precipitation should be correlated with con-

current auroral emissions for many spacecraft passes at various levels of magnetic activity.
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